The dimensionless gure of merit, ZT, of Al-Mn-Si based C54 phase was effectively increased using the precipitation of a small amount of Al-Mn-Si based C40 phase, which possesses slightly smaller magnitude of both electrical resistivity and Seebeck coef cient than those of C54 phase. We prepared a series of samples by simply alloying Al 37 (Mn 26 at x = 0, 0.01, 0.02, 0.03, 0.05, and 1, and found that the magnitude of Seebeck coef cient remained unchanged at x < 0.03, while the lattice thermal conductivity and electrical resistivity were moderately decreased with increasing x. The maximum ZT has consequently increased up to ZT = 0.42 at x = 0.03 from ZT = 0.38 of the C54-phase at x = 0.
Introduction
Recently, thermoelectric generators have attracted considerable interest because of their ability in reconverting waste heat into useful electricity. The ef ciency of energy conversion in thermoelectric generators increases with increasing dimensionless gure of merit ZT = S 2 Tρ
, where S, ρ and κ represent Seebeck coef cient, electrical resistivity, and thermal conductivity, respectively. It is, therefore, of great importance to develop thermoelectric materials possessing a large magnitude of ZT. We should also recognize that, the huge amount of waste heat is abandoned into environment at low temperatures below 600 K and disappears diffusively. For effectively generating electricity from such low temperature waste heat, a large amount of high performance thermoelectric generators must be employed. In order to avoid an increase of material cost and environmental pollutions, ubiquitous, nontoxic, and cheap elements must be employed for the constituent elements of materials in such thermoelectric generators.
By considering that the thermal conductivity κ is dominantly composed of lattice thermal conductivity κ lat and electron thermal conductivity κ el , one can transform ZT into the following formula 1, 2) .
Here we de ned two factors:
) and B = 1/(1 + κ lat /κ el ) 2) . The factor A is determined solely by the electronic structure of material, and the factor B is decreasing function of κ lat /κ el . Since B-factor is always kept below unity and makes the value of ZT smaller than A. This fact unambiguously indicates that the A-factor represents the maximum ZT obtainable for a given electronic structure.
By calculating A-factor using several different models of electronic structure, we found the conditions of electronic structure to realize a large magnitude of A 2) . One of the necessities is the electronic structure of degenerate semiconductor because it is capable of simultaneously leading to a large magnitude of Seebeck coef cient and metallic electrical conduction. Besides, the degenerate semiconductors should possess (a1) a wide band gap exceeding 10 k B T 0 in energy-width, where T 0 is the working temperature of practical application, (a2) multiple bands in the narrow energy range of a few k B T 0 from band edge, and (a3) a sharp increase of electronic density of states from the band edge 3, 4) . These conditions are required for (a1) avoiding the excitation of electron-hole pairs, (a2) obtaining a larger magnitude of Seebeck coef cient, and (a3) obtaining signi cant temperature dependence of chemical potential.
The environmental-friendly thermoelectric materials, which satisfy the conditions (a1)-(a3), were searched by means of rst principle calculations using the distributed package program WIEN2K 5) with which the Full-potential Linear Augmented Plane-Wave (FLAPW) method with Generalized Gradient Approximation developed by Perdew, Burke, and Ernzerhof in 1996 6) were used. We eventually found that the Al-Mn-Si C54 phase (Si 2 Ti-type structure) and the Al-Mn-Si C40 phase (CrSi 2 -type structure) possessed good electronic structures leading to a large magnitude of A-factor [7] [8] [9] [10] [11] [12] . By preparing the samples, we found that C54 phase and C40 phase indeed possess large values of A-factor exceeding 4 and 2, respectively [7] [8] [9] [10] [11] [12] . Besides, (Ru, Re) substitution for Mn in C54 phase and W substitution in C40 phase lead to signi cant reductions in κ lat without affecting the electron transport properties. 10) at 540 K and 0.25 12) at 400 K, respectively. The ZT values of Al-Mn-Si based alloys described above are still far below unity. In this study, therefore, we prepared the composites consisting of Al-Mn-Si C54 phase and C40 phase to further increase their value of ZT. We employed this strategy because the precipitation of isolated small particles of C40 phase, which possesses smaller electrical resistivity than that of C54 phase, in the matrix of C54 phase is supposed to reduce the electrical resistivity without affecting the large magnitude of Seebeck coef cient. Besides, the thermal conductivity is presumably decreased due to the enhanced phonon scattering at the grain boundaries.
Experimental Procedures
We selected Al 37 (Mn 26 Ru 3 Re 3 Fe 1 )Si 30 C54 phase and Al 27.5 (Mn 29 W 3 Fe 1 )Si 39.5 C40 phase, both of which were revealed to possess the largest value of ZT among the previously prepared samples consisting solely of Al-Mn-Si C54 phase and C40 phase, respectively 10, 12) . Both compounds possess negative Seebeck coef cient over the temperature range from 300 K to 600 K 10, 12) . The precursor alloys consisting of Ru, Re, W, and Al were prepared in an arc furnace to reduce the very high melting temperature of 5d transition-metal elements. The precursor alloys were melted again together with the remaining elements in an induction furnace. The mother ingots were melted once again and rapidly quenched into ribbons by means of a single role liquid quenching technique using a copper wheel of 200 mm in diameter rotating at 4500 rpm. The arc melting, induction melting, and liquid quenching were performed under the pressurized argon atmosphere. The ribbon-samples obtained by the liquid quenching were crushed into powders using a set of alumina mortar and pestle within 20 minutes in air. The powders were sintered into bulk at 1070 K under the pressure of 50 MPa by means of pulsed current sintering in vacuum atmosphere. We determined the density of samples of x = 0, 0.01, 0.02, 0.03, 0.05, and 1 by means of Archimedes method, and the resulting values were 99.0%, 96.1%, 96.5%, 95.9%, 95.4%, and 98.6% of theoretical values, respectively.
The phases involved in the samples were identi ed by conventional powder X-ray diffraction (XRD) measurements using a Cu-Kα radiation source with a Bragg-Brentano-type diffractometer equipped in RIGAKU RINT2000. For investigating the microstructure and composition of composites, we also employed scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) measurements using JEOL JSM-6330F and JED-2140GS.
The Seebeck coef cient was measured by the steady-state method using the Seebeck Measurement System of MMR Technologies, Inc. The electrical resistivity was measured by the conventional four-probe method in a hand-made vacuum furnace at ~5 × 10 −2 Pa. The thermal conductivity was measured by means of the laser-ash method with Linseis Messgeraete LFA1000. The thermoelectric properties measurements were performed at the temperature range from 300 K to 600 K in vacuum atmosphere.
Results
The Fig. 1(a) and (b) , respectively. The peak intensity of C40 phase increased with increasing x, and the lattice constants of C54 phase in the composites were almost kept unchanged at 0 ≤ x ≤ 0.05. This result indicates that both 3 at.% Ru and 3 at.% Re were selectively substituted for Mn in C54 phase, while 3 at.% W in C40 phase.
The microstructures of prepared composites are shown in Fig. 2 . The isolated particles of C40 phase of 0.5~1 μm in diameter were distributed homogeneously in the matrix of C54 phase. The SEM images indicated that the particle size of C40 phase did not vary with x at x ≦ 0.05. It is explained, in other words, that the number of isolated small particle of C40 phase increased with increasing x.
The temperature dependence of thermal conductivity is shown in Fig. 3 (a) , and the room temperature value is replotted as a function of x in Fig. 3 (b) . The rough estimation of electron thermal conductivity using the Wiedemann-Franz law suggested that the electron thermal conductivity is less than 0.2 Wm
It is explained, in other words, that the reduction of thermal conduc- Fig. 1 (a tivity with increasing x was dominantly caused by the reduction in the lattice thermal conductivity. The reduction of lattice thermal conductivity with increasing x could be safely accounted for with both (a) the smaller κ lat of C40 phase than that of C54 phase, and (b) the increased grain boundaries in association with the increased number of C40 particles. Consequently, the room temperature value of lattice thermal conductivity was reduced by 20%, and reached 1.9 Wm −1 K −1 at x = 0.03. The lattice thermal conductivity was not further reduced at x = 0.05 but kept essentially the same with that of x = 0.03. The increase of scattering provability shows roughly proportional to 1/x [Klemens] and reduction ratio becomes less obvious at higher number of x. The less obvious variation of κ lat at x = 3 and 5 would be related to this tendency.
The electrical resistivity and Seebeck coef cient are shown in Fig. 4 and Fig. 5 , respectively. The electrical resistivity decreased with increasing x over the whole temperature range due to the precipitated small particles of C40 phase, which possesses lower electrical resistivity than that of C54 phase. The Seebeck coef cient, on the other hand, was kept almost unchanged at 0 ≤ x ≤ 0.03, where each C40 particle was presumably isolated. The absolute value of Seebeck coef cient was drastically decreased into half value at x = 0.05 over the whole temperature range of measurement most likely because the C40 particles were connected with each other to make paths of nite lengths along the direction of temperature gradient. The temperature dependence of dimensionless gure of merit ZT is shown in Fig. 6 (a) together with its x dependence at 580 K in Fig. 6 (b) . Since Seebeck coef cient was kept almost unchanged up to x = 0.03 while the resistivity and lattice thermal conductivity at 580 K were effectively decreased with increasing x, the values of ZT were enhanced with increasing x at x ≤ 3. The maximum ZT of the present series of samples was 0.42, and it was observed for x = 0.03 at 580 K. This value is 16% larger than that observed for x = 0 at 540 K.
Discussion
The variation of the Seebeck coef cient at x ≤ 0.02 is not large but rather small. This very small variation of the Seebeck coef cient at x ≤ 0.02 was realized presumably because the small particles of C40 phase were isolated from the others in the matrix of C54 phase. In such a case, the matrix dominates the magnitude and behavior of the Seebeck coef cient.
The electrical resistivity and lattice thermal conductivity, on the other hand, were affected by the precipitation of C40 particles.
The lattice thermal conductivity was effectively reduced partly because the introduced C40 phase possess slightly smaller magnitude of lattice thermal conductivity and the introduced grain boundaries certainly enhanced the probability of phonon scatterings.
The scattering probability of electrons, on the other hand, was supposed to be unchanged because both phase are reported to stay in strongest scattering limit 13) . Hence the electrical resistivity was slightly reduced with increasing fraction of C40 phase most likely because the smaller magnitude of electrical resistivity of C40 phase than that of C54 phase.
The very weak variation of the Seebeck coef cient together with the reduction both of electrical resistivity and lattice thermal conductivity naturally led to the increase of ZT in the present composites. This fact indicates that if small particles of secondary phase possessing slightly lower electrical resistivity are precipitated in isolation in the matrix of thermoelectric materials, the value of ZT is capable of being increased in any thermoelectric materials. This strategy would be valuable to be used for other practical thermoelectric materials.
Conclusion
We tried to enhance the ZT of Al 37 (Mn 26 Ru 3 Re 3 Fe 1 )Si 30 C54 phase by using the small amount of precipitation of Al 27.5 (Mn 29 W 3 Fe 1 )Si 39.5 C40 phase. The lattice thermal conductivity and electrical resistivity was decreased with increasing number of precipitated C40 particles, while the Seebeck coef cient was kept almost unchanged. As a result, the value of ZT was increased 16% from ZT = 0. 
